The spatial separation of 2-propanol monomer from its clusters in a molecular beam by an electrostatic deflector was demonstrated. Samples of 2-propanol monomer with a purity of 90 % and a beam density of 7 × 10 6 cm −3 were obtained. These samples were utilized to study the femtosecond-laserinduced strong-field multi-photon ionization and fragmentation of 2-propanol using non-resonant 800 nm light with peak intensities of 3-7 × 10 13 W/cm 2 .
INTRODUCTION
2-propanol (C 3 H 8 O, also isopropyl alcohol, isopropanol) is the simplest secondary alcohol. It possesses a structure with three nonrigid internal rotations, i. e., of the hydroxyl group OH and two methyl tops CH 3 [1] [2] [3] . 2-propanol has attracted much attention, not only because it is highly valued as a preservative and used as an antiseptic in the clinical environment, but also since it is widely used as an industrial solvent and cleaning fluid, such as gasoline additive, an alkylating agent, and a disinfectant [4, 5] . The vibrational spectrum of 2-propanol has been studied in the early 1960s, which suggested that 2-propanol in the gas phase exists in trans and gauche conformations [6] . These stable isomers were confirmed by the microwave [7] [8] [9] [10] and the millimeter-and submillimeter-wave spectra [3, 5] .
Supersonic molecular beams are a valuable tool for molecular spectroscopy and the studies of molecular dynamics and reactions [11] [12] [13] . For instance, this was exploited in studies of the hydrogen bonding in 2propanol [14] and its hydrogen-bonded complexes [15, 16] . Generally, the supersonic expansion provides beams of molecular at low rotational temperatures. However, clusters can be formed [11, 12, 17] due to the attractive forces between molecules. The temperature-and pressure-dependence of its cluster formation was investigated [18, 19] . Other factors influencing the cluster formation in expanding supersonic jets are the nozzle size and shape and the carrier gas [11, 20, 21] . Larger clusters are often fragile and then fragment upon excitation or ionization before detection, rendering size-assignment from spectra ambiguous or even impossible [22, 23] .
For prospective studies of 2-propanol in chemicalreactions [24, 25] or diffractive-imaging experiments [26, 27] , a cold and pure beam of 2-propanol separated from clusters as well as seed gas is necessary [28, 29] . Such spatial separation of molecular conformers were previously achieved using inhomogeneous electric fields [29, 30] . Different species of complex molecules can be spatially separated within a cold molecular beam by the electro-static deflector [29] , which was demonstrated in a number of pioneering experiments on the separation of individual quantum states [31] [32] [33] , structural isomers [34, 35] , or specific cluster sizes [36] [37] [38] [39] [40] . Here, the 2-propanol monomer is spatially separated from the original molecular beam using the deflector and the purified samples are exploited in femtosecond-laser ionization studies.
EXPERIMENTAL METHODS

2-propanol was commercially obtained (Carl Roth
GmbH, > 99 %) and used without further purification. Fig. 1 shows a schematic of the experimental setup, similar to a previously described one [37] . Briefly, 2-propanol at room temperature is seeded in 2 bar of helium and supersonically expanded into vacuum through a cantilever piezo valve [41] at a repetition rate of 20 Hz. The produced molecular beam was differentially pumped and collimated by two skimmers, which were placed 55 mm (∅ = 3 mm) and 365 mm (∅ = 1.5 mm) downstream of the valve, and directed through the electrostatic deflector, before passing through a third skimmer (∅ = 1.5 mm). 2propanol molecules were ionized by amplified femtosecond laser pulses with a duration of 45 fs (full-width at half maximum, FWHM) with a spectrum centered around 800 nm. By focusing the laser with pulse energies of 30 µJ and 60 µJ to 50 µm, we obtained nominal peak intensities of 3×10 13 W/cm 2 and 7×10 13 W/cm 2 , respectively. A two-plate VMI [42] was operated as a time-offlight (TOF) mass spectrometer (MS). Ions were counted through a single-shot detector readout and centroiding algorithm [43] , and summed up to yield the mass spectra shown in Fig. 2 a, b .
RESULTS AND DISCUSSION
The mass spectra at peak intensities of 3 × 10 13 W/cm 2 and 7 × 10 13 W/cm 2 of the direct (0 kV) and deflected (13 kV) molecular beams are shown in Note that the clusters of 2-propanol in the interaction region are neutral and that the protonated-cluster ions in the mass spectrum resulted from the ionization detection process [39, 40] .
The spatial vertical molecular-beam-density profiles for 2-propanol monomer ions, fragment ions, protonated 2-propanol, and its cluster ions [M n +H] + up to n = 5, ionized with the laser peak intensities of 3 × 10 13 W/cm 2 and 7 × 10 13 W/cm 2 , are shown in Fig. 2 c and Fig. 2 d . The direct and deflected profiles were normalized to their largest signals. For better visibility, the M + deflection profile has been scaled up by a factor of 5.5. When a voltage of 13 kV is applied to the deflector, the profiles of fragment ions ([M-OH] + and [M-CH 3 ] + ), and the parent ion M + are shifted by +1.8 mm at both peak intensities; the [2M-CH 3 ] + profile also has a tail with significant deflection, which we ascribe to a fairly polar cluster, but this species deflects less and has only a small population in the beam. The protonated 2-propanol and its cluster ions in Fig. 2 c and Fig. 2 d do not deflect in the region of 1.1 to 1.8 mm, which shows that dimers and larger clusters generally deflect much less than the monomer and the monomer ion signal originated from the monomer.
2-propanol is a nearly symmetric oblate rotor, the rotational constants for trans and gauche were obtained by microwave spectroscopy [8] . The observed dipole moment components are µ a = 0, µ b = −1.40 D, µ c − 0.73 D for the trans form and µ a = +1.114 D, µ b = −0.737 D, µ c = +0.813 D for the gauche form respectively [8] . Their energy difference is smaller than 1 kJ/mol and the isomerization barrier corresponding to rotation of the hydroxyl moiety is low [16] . The gauche conformer is more stable than the trans conformer and there is a strong conformational relaxation of 2-propanol monomer from trans to gauche [44] . Using the specified dipole-moment components and the known rotational constants [8] , the Stark energies and effective dipole moments of both forms were calculated with our CMIstark software package [45] . The Stark-effect differences between the two conformers are too small for their separation in this experiment. Furthermore, it is difficult to determine the ratio between the trans and gauche forms at low temperatures as they are essentially identical. For the analysis in this work, we used only the trans-conformer deflection simulations.
The simulated vertical molecular-beam profiles of the 2-propanol monomer are shown in Fig. 2 c and Fig. 2 d. The Stark energies for all rotational states up to J = 14, including all states up to J = 30 in the calculation, were calculated. For every quantum state, 1 × 10 5 trajectories were calculated. The initial beam temperature that described the experimental observations best was determined to be 3.5(5) K. The shaded (dark red) area depicts the error estimate of the 2-propanol simulation due to the temperature uncertainty.
In Fig. 2 c the deflected profiles (dashed lines) of monomer (red squares) and [M-CH 3 ] + ions (black squares) matched very well over the whole deflection region, indicating that [M-CH 3 ] + and M + both originated from the parent molecule. However, at higher peak ionization-laser intensity, Fig. 2 The deflected-beam mass spectra in Fig. 2 a and Fig. 2 b mainly contained peaks corresponding to [M-OH] + , [M-CH 3 ] + , M + and [2M-CH 3 ] + at both laser peak intensities. The fragments were caused by the fs-pulse ionization process, however, no hydrogen ions were observed in the TOF spectrum in Fig. 2 a due to the low laser peak intensity. The ratios of different fragments and M + ions from the center position to 1.6 mm are shown in Fig. 3 . For both laser peak intensities, the ratios for [M-OH] + , and [M-CH 3 ] + ions in the deflected region from 1.1 mm to 1.6 mm are constant, which suggests [M-OH] + , [M-CH 3 ] + and M + ions come from the same parent, the monomer. However, the ratio for [2M-CH 3 ] + decreases as the position increases in Fig. 3 a and Fig. 3 b, indicating that this peak originates from the dimer or larger clusters, which are deflected out of the original beam, but less than the monomer.
Following the strong-field/multi-photon ionization process of 2-propanol, C-C and C-O bonds of the monomer were broken. This suggests that the monomer has two fragmentation channels, M→ [M-CH 3 ] + and M→ [M- 
OH] + .
Based on the intensity of the fragments of the 2propanol in the deflected beam, Fig. 2 a and Fig. 2 b, the purity of the intact 2-propanol monomer was derived as the ratio of the sum of the signals due to M + and its known fragments [M-OH] + and [M-CH 3 ] + to the sum of all signals in the mass spectrum. The 2-propanol monomer fraction was 4(1) % in the center of the direct beam and 90(4) % at +1.4 mm in the deflected beam. This is a nearly 22-fold increase in the fractional density of 2-propanol from the direct beam to the deflected beam.
By comparing the intensities of [M-CH 3 ] + and [M-OH] + in Fig. 3 a and Fig. 3 b, the intensity ratio of the M→ [M-CH 3 ] + channel to the M→ [M-OH] + channel was obtained as ∼5 for both peak intensities in the region from 1.1 mm to 1.6 mm. The fragmentation ratios of the monomer, defined as the intensities of the fragments divided by the sum of intensities of the monomer and its related fragments, were estimated as 83 % and 89 % at the lower and higher peak intensity, respectively.
The beam density was estimated based on the analog detector current signal calibrated to a single-ion hit. Approximately 7 ions/shot were created in the deflected beam (+1.4 mm) at a laser peak intensities of 7 × 10 13 W/cm 2 . Assuming a typical detection efficiency of 0.5 for the MCP detector, a molecular-beam width of 1 mm, and a strong-field-ionization probability of 1, a beam density of ∼7 × 10 6 cm −3 was obtained for the 2-propanol monomer.
CONCLUSIONS
A high-purity beam of 2-propanol monomer was produced through the spatial separation of the monomer from its clusters and the seed gas using the electrostatic deflector. The purity and beam density of 2-propanol monomer were 90(4)% and 7 × 10 6 cm −3 in this deflected part of the molecular beam. The 45 fs laser-pulse ionization of 2-propanol with peak intensities of 3 × 10 13 W/cm 2 and 7 × 10 13 W/cm 2 was studied. The 2-propanol monomer showed two fragmentation channels in the strong-field ionization process and the ratio of M→ [M-CH 3 ] + to M → [M-OH] + was estimated to be ∼5. The fragmenting fractions of the monomer were estimated to be 83 % and 89 % at the lower and higher peak intensities, respectively. The produced intense, cold, and pure 2-propanol monomer beam is well-suited for further investigations, such as diffractive imaging [26, 46] , chemical reaction [24] and combustion [47] studies. 
